The aim of this study was to develop a novel Poloxamer-based drug delivery system featuring a tumor-targeting folate moiety, which was expected to provide better targeting properties and therapeutic effects compared with the traditional cubosomes (Cubs).
Background
The concept of bi-continuous liquid crystal phase was first developed in the late 1960s, and its geometric construction was later fulfilled in the mid-1970s [1, 2] . Among these phases, the most studied and interesting are probably the reverse bi-continuous cubic phases, especially those based on the monoolein-water system [3, 4] . Accompanied with the fast development of modern pharmaceutical nanotechnology, their applications in different pharmaceutical fields such as enzymes, antimuscarinic drugs, antibiotics, and analgesic delivery have been extensively investigated and reviewed [5] . The cubic liquid crystal, which could be dispersed in water, exhibited good biocompatibility and bioadhesivity [6, 7] . With the promising properties mentioned above, these multifunctional delivery systems can be administered via different approaches, such as intravenous, oral, percutaneous, and ophthalmic injections [8] [9] [10] [11] .
ETP is a topoisomerase II inhibitor which exhibited anti-proliferative activity via causing DNA breaks [12] [13] [14] . However, its poor solubility limited its clinical application, and reported ETP delivery systems have often been associated with adverse effects [15] . In this proof of principle study, we used ETP as the model drug to explore the potential application of cubosomes in developing a novel drug delivery system for cancer treatment.
Although various emulsifiers have been investigated for preparing novel lipid-based dispersion systems from the cubic liquid crystal [16, 17] , the most widely used system is the ternary system of Glycerol monooleate (GMO) and P407-water, in which P407 is commonly applied in stabilizing the dispersion of Cubs, while the unique structure of GMO makes Cubs able to be embedded, controlling the release of drugs with different molecular weights and polarities [18] [19] [20] .
The modern cancer treatment, targeting therapy, featuring selectively delivered anti-cancer agents to the tumor site while minimizing its accumulation at other normal organs, has been considered a promising strategy to reduce adverse effects during treatment [21] . Folate receptor, which is known to be vastly overexpressed on malignant cancer cells [22] [23] [24] , has been proposed as a promising target for molecular imaging [25] . In this study, a straightforward one-step reaction to prepare the P407-FA adduct was carried out. Since surface functionalization of hexosomes and cubosomes with folate residues has been reported [26, 27] , we hypothesized that the decoration of the cubosomes surface with P407-FA can enhance its tumortargeting property via the FA-mediated mechanism.
This study focused on developing a novel type of cubic liquid crystal decorated by P407-FA as a potential targeted ETP delivery system. Replacement of the stabilizer with mixtures of Poloxamer-407 and folate-conjugated P407 does not affect the inner structure of cubosomes. The in vitro release of ETP from ETP-Cubs and ETP-Cubs-FA was investigated in this study. Physical properties of ETP-Cubs and ETP-Cubs-FA are characterized by 1 H-NMR, DSC and PLM. In vitro anti-proliferative activity of ETP-Cubs and ETP-Cubs-FA against human breast adenocarcinoma MCF-7 cells were evaluated by the MTT assay and further compared with the free ETP treatment. The cellular uptake of Cubs-FA was further investigated via Rh-Bloaded Cubs-FA. Additionally, the in vivo tumor-targeting property of Rh-B-loaded Cubs and Cubs-FA was studied using the Fluorescence Imaging System.
Material and Methods
Glycerol monooleate was purchased from Baoman Co. Ltd. (Shanghai, China). Poloxamer 407, folic acid, and 1, 1-Carbonyldiimidazole (CDI) were provided by Yuan Ye Co. Ltd. (Shanghai, China). Etoposide was purchased from Adamas Reagent Co., Ltd. A dialysis bag with a molecular weight cutoff of 14 000 Da (Viskase Companies, Inc., Darien, IL, USA) was used. The Milli-Q grade water was purified using a Millipore system throughout this study. All other reagents used in this study were high-performance liquid chromatography (HPLC) grade or analytical grade.
Cells
Human breast carcinoma cell lines (MCF-7) were kindly provided by the Institute of Pharmacy of Bengbu Medical college (Anhui, China) and cultured in folate-free DMEM medium supplemented with 10% FBS. All cells were cultured in a 37°C incubator with 5% CO 2 .
Analytical system
The analysis was performed on reverse-phase high-performance liquid chromatography (HPLC) (Ultimate 3000, American) via an isocratic elution with a mobile phase consisting of 30% acetonitrile and 70% pH=4.0 acetate buffer. The flow rate of the mobile phase was 1 mL/min with an injection volume of 20 μL, and the wavelength was set at 254 nm. The separation of samples was achieved by HPLC using packed column 250×4.6 mm with particle size of 5μm (Kromasil C18; Biomics™ Co. Ltd., Nantong, China).
Synthesis and characterization of FA-conjugated P407
P407-FA was synthesized via a previously reported method with modifications [28] . Firstly, 87.58 mg (0.20 mmol) of FA was dissolved in 5 ml dried DMSO and added to a one-neck flask. LAB/IN VITRO RESEARCH the dark, then we added 0.62 g (0.05 mmol) of P407 which had been previously dried overnight in a vacuum and the reaction was allowed to proceed in the dark for 1 day at room temperature. After the reaction was completed, the mixture was dialyzed for 5 d in a dialysis bag with a molecular cut off of 3000 to remove free FA. P407-FA was recovered via lyophilization. The resulting product was dried in a vacuum oven for 2 d and stored in a dry box, yielding 56% w/w of product.
Prepared P407-FA was characterized by 1 H-NMR and differential scanning calorimetry (DSC-60; Shimadzu Corporation, Kyoto, Japan). H-NMR spectrum of P407-FA was recorded on a Gemini-200 spectrometer (Varian, CA, USA) using DMSO-d6 as the solvent. UV-Vis spectra were acquired using a UV-1601 spectrophotometer (Shimadzu Corp., Kyoto, Japan) to determine the degree of conjugation of FA by measuring the absorbance at 360 nm.
Sample preparation
The drug-loaded nanoparticles system was prepared and stabilized by dispersing the appropriate amount of GMO in water solutions with different P407/P407-FA mixtures (100: 0, 80: 20 wt%/wt%) using a high-pressure homogenizer (JN-02HC; JUNENG Co. Ltd., Guangzhou, China) (9 cycle, 1500 bar pressure) [29] . ETPCubs and ETP-Cubs-FA were obtained by dispersing ETP acetone solution in melted lipids and subsequently removing acetone via continuous stirring in a 60°C water bath. The sample volume was usually 10 ml consisting of approximately 96.8 wt% water, 2.9 wt% GMO, and 0.3 wt% Pluronics mixture. Rhodamine B and ETP quantities were 4.8×10 -4 and 1.5×10 -3 wt%, respectively.
Characterization of cubosomes

Particles size and zeta potential
The particle size, size distribution, and zeta potential of prepared cubosomes were measured by photon correlation spectroscopy using a NanoZS90 zeta sizer (Malvern Instruments, Malvern, UK), which is based on the principles of Brownian motion. Samples were diluted with deionized water with a dilution factor of 1: 50. Samples were sonicated for 5 min before measurement. The results presented here are the average of 3 successive circulation measurements.
Encapsulation efficiency
The entrapment efficiency (EE%) of prepared cubosomes was determined by dialysis as follows [30] : 1 ml dispersion of cubosomes was loaded into a dialysis bag (MWCO 14000 Da, USA), which was subsequently stirred in a flask filled with 50 ml water for 4 h. ETP was determined by measuring the concentration of drug inside or outside the dialysis bag via HPLC.
The entrapped efficiency was calculated by the following equation:
EE%=(C total -C free )/C total ×100%
C total represents the total concentration of drug in the cubosomes; C free represents the concentration of free drug in the dialysis fluid.
Polarized light microscope (PLM)
The polarization phenomenon was investigated using PLM. The observation was recorded, and the drawing of the sample was conducted at room temperature [31] .
Differential scanning calorimetry (DSC)
To characterize thermodynamic properties of different materials, including GMO, P407, ETP, physical mixtures, ETP-Cubs, and ETP-Cubs-FA, approximately 5-10 mg sample was sealed in the aluminum crimp cell and heated to 350°C at an increasing rate of 10°C/min from 35°C in a nitrogen atmosphere (VP-DSC, Microcal, USA). Results were recorded and then analyzed using OriginPro 8.0.
In vitro drug release from cubosomes
The in vitro release of ETP from cubic nanoparticles was investigated using the dynamic dialysis bag method [32] . The dialyzed suspension containing ETP-Cubs-FA or the aqueous solution of the plain drug (containing 20% acetonitrile) was placed in a dialysis bag (MWCO 14000 Da, Viskase Companies, Inc., Darien, IL, USA) and then immersed in the release media (phosphate-buffered saline with 10% ethanol) that was thermostatically maintained at 37±0.5°C and stirred at 100 rpm. We withdrew 100 μL of sample at different time intervals, and volumes lost by the withdrawal of samples were replaced with fresh medium. The concentration of released ETP was then measured by the HPLC method.
Cytotoxicity assay
The antitumor activity of the drug-loaded cubosomes was evaluated by the MTT method [33] . Human breast carcinoma MCF-7 cells were cultured in the growth medium DMEM supplement with 10% fetal bovine serum (FBS), 100U/mL penicillin, and 100 μg/mL streptomycin. The cells were seeded at a density of 10 000 cells/well on 96-well plates and allowed to grow overnight for reattachment. The growth medium was then replaced with 200 μL medium containing increasing concentrations of each of the following substances: free ETP dissolved in DMSO, ETP-Cubs, and ETP-Cubs-FA. The cells were incubated 2428 
Cell uptake test
For qualitative analysis of the cellular uptake in this study, the internalized nanoparticles in MCF-7 cells were measured [34] . Rh-B-Cubs-FA were prepared in the same way as preparing ETP-Cubs-FA. Different formulations of Rh-B: 50 μg/mL of free Rh-B, Rh-B-loaded Cubs, and Rh-B loaded Cubs-FA were evaluated on separate MCF-7 cells. MCF-7 cells were seeded in 6-well plates at a density of approximately 400 000 per well and incubated using DMEM medium for 24 h. Rh-B-Cubs-FA, Rh-B-Cubs, and Rh-B solutions were then added into different wells, and cells were further incubated at 37°C for 4 h. After that, cells were fixed with 4% formaldehyde for about 10 min, and the cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) for 3 min. Then, the fluorescent images of different samples were obtained using a Nikon Eclipse E400 microscope.
Targeted imaging
A breast carcinoma mouse model was established by subcutaneous inoculation of 5×10 6 MCF-7 cells in 0.1 ml of PBS (pH 7.4) into nude female BALB/c mice. Tumor-targeted imaging was carried out when the tumor grew to approximately 0.4 cm 3 .
The tumor-targeted imaging of MCF-7 breast cancer-bearing mice was conducted using a Small Animal In Vivo Fluorescence Imaging System (Bruker Corporation, Billerica, MA, USA). Briefly, the Rh-B-Cubs and Rh-B-Cubs-FA solutions were injected into separate tumor-bearing groups of mice through the tail vein at an equivalent concentration (2 mg Rh-B/kg per mouse). Fluorescence images at an excitation wavelength of 530 nm and an emission wavelength of 600 nm were recorded at 2, 6, 8, 12, and 24 h post-injection.
Results
Synthesis and characterization of FA-conjugated P407
The DSC curves of FA (A), physical mixture (B), and P407-FA (C) are shown in Figure 1 . The thermogram of FA showed 1 endothermic peak at 120°C. The physical mixture showed 2 different peaks corresponding to P407 and FA, the first peak was at 60°C and the second at 120°C. In DSC of the P407-FA, characteristic peaks of the FA had disappeared, indicating the P407-FA was pure, not a mixture of P407 and FA. The 1 H-NMR spectrum of P407-FA in DMSO-d6 is shown in Figure 2 . FA signals appeared at 6.6 ppm (3,5-H of benzene in folate), 7.6 ppm (2,6-H of benzene in folate), and 8.6 ppm (C7-H of pteridine in folate) [35] . The conjugation extent of folic acid (wt%) in P407-FA was measured by a UV-Vis spectrum, and the result was 5.4 wt%.
Sample preparation and characterization of cubosomes
Taking into account both the preparation efficiency and the rapid dispersion of the drug, the precursor method was chosen [36] . To increase the solubility of the ETP in the melted lipids, ETP was dissolved in the acetone solution, followed by the removal of acetone in a 60°C water bath. The entrapment efficiency for the Cubs and Cubs-FA were approximate 87.3% and 84.7%, respectively. Particles size and zeta potential Figure 3 shows the size distribution and the zeta potential of the ETP-Cubs and ETP-Cubs-FA. The average diameter of cubosomes was smaller than 200 nm without any greater than 1 μm, indicating a unimodal pattern. Table 1 shows that the zeta potential of ETP-Cubs was a little higher than that of the ETP-Cubs-FA. We also found that the average diameter of the particles increased from 173.6±1.6 nm to 180.9±1.4 nm when the cubosomes were modified by folate.
Polarized light microscopy (PLM)
The optical birefringence phenomenon of cubosomes was also studied. Due to the optically isotropic characteristic, the picture of the polarity of cubosomes showed the dark field. We also made a showing an isotropic arrangement with a dark sight field, indicating that the sample is cubic in morphology.
Differential scanning calorimetry (DSC)
Differential scanning calorimetry is a rapid and reliable method to screen different materials. The DSC curves of GMO (A), P407 (B), ETP (C), their mixture (D), the preparation of the ETPCubs (E, prepared with 100% P407), and the preparation of the ETP-Cubs-FA (F, prepared with 100% P407-FA) are shown in Figure 5 and the DSC curves of FA are shown in Figure 1 . The thermogram of ETP and P407 shows their endothermic peaks at 265°C and 60°C, respectively. Unlike GMO with no clear endothermic peak, the physical mixture showed several characteristic peaks corresponding to ETP and P407. DSC of ETP-Cubs and ETP-Cubs-FA showed that characteristic peaks of the drug and P407 had disappeared, indicating the formation of a cubic 
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liquid crystal. In addition, cubic crystal gradually transformed into a hexagonal liquid crystal when the temperature exceeded 60°C and further transformed into a lamellar liquid crystal when the temperature exceeded 120°C. After 130°C, the liquid crystal structure was completely destroyed [37] .
In vitro drug release from cubosomes
The in vitro release of ETP from the cubosomes was evaluated in phosphate-buffered saline (containing 20% ethanol). Ethanol was used to enhance the solubility of ETP in the release media so that a sink condition could be created. The cumulative release of ETP from Cubs or Cubs-FA was performed, and the ETP solution was used as a control. As shown in Figure 6 , ETPloaded Cubs and ETP-loaded Cubs-FA exhibited similar release patterns. The cumulative release percentages of ETP from ETPCubs and ETP-Cubs-FA within 36 h were 85.6% and 82.5%, respectively. The cumulative release of free ETP was rapid and reached 100% almost in the first 2 h. The results indicated that the ETP-loaded Cubs and ETP-loaded Cubs-FA possessed a sustained ETP release efficacy compared with ETP solution.
In vitro cytotoxicity assay
To evaluate the toxicity of blank Cubs and Cubs-FA, MCF-7 cells were incubated with blank cubosomes for 24 h at concentrations ranging from 10 to 1000 μg/ml (GMO concentration), the nanoparticle formulations at a concentration of 1: 10 (100 μL/mL of medium). As shown in Figure 7A , the cell viability, as determined by the MTT assay, indicates that both Cubs and Cubs-FA are non-toxic to the MCF-7 cells.
The anti-proliferative activity of ETP in different formulations was evaluated by the MTT assay using the human breast carcinoma cell line MCF-7, which expresses high levels of folate receptors [34, 38] . In Figure 7B , ETP-Cubs demonstrated a significantly superior cytotoxicity compared with free drug. IC 50 values of the 3 groups increased in order of ETP>ETP-Cubs>ETP-Cubs-FA in MCF-7 cell lines (Table 2) . This phenomenon suggests 
Cell uptake test
Rh-B is a substrate of P-gp and can be used as a marker for monitoring P-gp activity in cells [39] . Compared with free Rh-B, the accumulation of Rh-B in MCF-7 cells was increased by using Rh-B-Cubs and Rh-B-Cubs-FA (Figure 8 ). This observation indicates that the uptake of Rh-B was reversed by the P-gp efflux pump. Another explanation for this phenomenon is that Rh-B-Cubs inhibits the P-gp efflux pump by Pluronics [40] . The inner structure of cubosomes can be retained, which can be effectively stabilized by mixtures of P407 and P407-FA. This might be associated with the participation of P407 in the preparation of the cubic crystal.
More interestingly, the Rh-B-Cubs-FA demonstrated a marked increase of intracellular accumulation compared with non-modified Rh-B-Cubs, which evidently was because of the active and effective process of the receptor-mediated endocytosis as well as the recycling of folate receptors after the internalization of folate-modified cubosomes [41] .
Targeted imaging
In this study, we applied the fluorescent imaging technology to evaluate the in vivo tumor-targeting property of the nanoparticles using mice bearing the MCF-7 xenograft. As shown in Figure 9 , Rh-B-Cubs and Rh-B-Cubs-FA exhibited different tumor-targeting efficiency during the monitoring period from 2 h to 24 h. At 2 h post-injection, the tumor fluorescence intensity in mice injected with the Rh-B-Cubs-FA was found to be higher than that in mice injected with Rh-B-Cubs. Between 6 h and 24 h post-injection, the tumor fluorescence intensity in mice treated with Rh-B-Cubs-FA increased more significantly as compared with that in mice treated with Rh-B-Cubs. 
Discussion
Lipid-based cubic liquid crystalline nanoparticles have recently captured the obvious interest of pharmaceutical research to enhance the bioavailability of lipophilic drugs [8] . Most of the research on cubosomes was on the cell level, and few in vivo studies have used intravenous administration [27, 29] . Thus, it is necessary to estimate the influence of cubosomes in vivo, which to some extent plays a positive role in the drug delivery.
In our study, the tumor-targeting property of the Rh-B-Cubs was mainly due to their EPR effects, whereas the Rh-B-Cubs-FA can actively target the tumor via the interaction between the folate and the folate receptor overexpressed on the surface of MCF-7 breast cancer cells, leading to the high specific tumor uptake.
There have been several reports that the particles based on GMO and P407 are unstable in plasma [42] . P407, which provides steric stabilization to the particles, obviously cannot protect the cubic structure from environmental influences in plasma. In a previous study [43] , the Cryo-TEM images of cubic dispersion based on GMO/P407 and human plasma after 24 h incubation at 37°C was investigated, revealing a broad diversity of structural change. Upon plasma contact, the phase transitions could be detected most clearly in an intermediate state, with hexagonal shape and showing smaller structure, sometimes retaining the cubic inner structure. The interaction between cubosomes and plasma results in alterations of particle structure, which might affect the liberation of incorporated drug substances.
However, in our study, at 2 h post-injection, there was tumor fluorescence intensity in mice injected with the Rh-B-Cubs-FA, and the cubosomes were not completely degraded at this time. Bye [11] reported that hexosomes are considerably less toxic and hemolytic to cells than are cubosomes. These cubosomes may occur in the phase transitions with smaller structure in the remaining cubic inner structure and hexagonalphase nanoparticles (hexosomes) when the cubic liquid crystal nanoparticles pass through the blood system. In the first few hours, the folate-modified cubosomes target the tumor tissue through the folate receptors on the surface of tumor cells. However, the particles gradually undergo phase transformation, degradation, and the drug is released from the particles when the cubosomes was exposed to the blood for a long time.
Although some in vitro studies have shown that cubosomes are unstable in plasma, the folate-modified cubosomes can target tumor tissue through the blood circulation.
